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Summary
The optimal harvest date of nectarines can no longer be based on the col-
our since newer cultivars have an intensive blush, even in the unripe stage.
Measuring the absorption of the fruit flesh by Time Resolved Spectroscopy
(TRS) at 670 nm, provide information on the ripening stage and the variation in
ripening stages of batches of fruit. Since each individual fruit is harvested and
measured at some arbitrary stage of development, the analysis of the data gath-
ered was based on the system of the biological shift factor (Tijskens et al. 2005)
applying non-linear mixed effects regression analysis. The results show that µa,
and therefore also the fruit flesh colour and chlorophyll content, change ac-
cording a sigmoidal pattern, which was approximated with a symmetrical logis-
tic function. The explained parts obtained (R2adj) were about 0.97 for storage at
20ºC and about 0.86 at 10ºC. The rather large variation on apparent behaviour
between individual fruit, each with its own stage of development, was nicely
taken care of by the system of the biological shift factor. During ripening, the
distribution of the biological shift factor was constant and normal, while the
distribution of µa changed. Also that change in distribution over time is nicely
described by the system and models used.
key words: harvest maturity, flesh colour, non-destructive measurement tech-
nique, biological variation, modelling
INTRODUCTION
The optimal harvest time and the maturity of peaches and nectarines are
usually determined based on the background colour of the fruit. The newer cul-
tivars however, are so much more colourful and blushing that the background
colour can hardly be distinguished. A new technique to assess harvest time and
the maturity has to be developed.
A recently developed technique, Time Resolved Spectroscopy (TRS) uses
laser light at 670 nm, and allows to assess the flesh colour of intact fruit. In
previous studies (e.g. Cubeddu et al. 2001, Eccher Zerbini et al. 2006) it was
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already indicated that the TRS absorption coefficient µa can be used to deter-
mine the stage of development (maturity status) of peaches and nectarines. In
this study attention is devoted to unravel the postharvest behaviour of the TRS
absorption coefficient µa during storage, and the occurrence and dynamics of
the biological variation between individual fruit. The results of these experi-
ments and analyses allow a better understanding and a more successful applica-
tion to determine and optimise the maturity at harvest of peaches and nectarines.
MATERIALS AND METHODS
Fruit of ‘Spring Bright’ nectarine cultivar were harvested during the sea-
son 2005, at the second commercial harvest in Faenza (Ravenna, Italy). At the
moment of harvest fruit were graded in two sizes (A=large, B=medium), indi-
vidually weighed, measured on two sides by TRS (Cubeddu et al. 2001) and
ranked by decreasing absorption coefficient at 670 nm (µa) (Eccher Zerbini et
al. 2006). The ranked fruit were grouped with a total of 30 groups correspond-
ing to 30 levels of µa. Fruit from each group was randomly assigned to storage
at 10°C or 20°C. The absorption coefficient µa was measured during storage
individually in each fruit.
Model development was conducted using Maple 10 (Waterloo Maple Inc,
Waterloo, Canada). The data gathered were analysed using mixed effects non
linear regression analysis (nlme procedure in R, R Development Core Team,
2005) based on Eq. 2, estimating the rate constant km in common for all fruit
and Δt separate for each individual fruit. The estimated time shift factors were
checked on normality using the Kolmogorov-Smirnov test in R.
The change in µa during storage is reported in Tijskens et al. (2006). The
behaviour of µa, the absorption by the fruit flesh of laser light at 670 nm, clearly
shows a sigmoidal behaviour. This was modelled by a standard logistic function
(Eq.1):
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Where: μa = the absorption coefficient at 670 nm measured by TRS
 μa,max = the absorption coefficient at minus infinite time (maximum ab-
sorption ever possible)
μa,0 = initial absorption coefficient at time zero
km = rate constant of μa decay in time
t = storage time
In the pre-exponential factor, µa,0 represents the condition of the fruit at the
moment of harvest. This is of course different for each individual fruit. This
pre-exponential factor can be expressed as a time shift, relative to the behaviour
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of some “mean” fruit. After some algebraic manipulations this results in the
final equation:
( )ttk
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Where Δt = biological shift factor, relative to the midpoint of the logistic curve.
Δt now contains all the information on the initial conditions of each individual
fruit. The biological variation present in batches of harvested fruits is contained
in the shape and type of distribution over this biological shift factor.
Applying some algebraic calculus, the biological shift factor Δt (at zero
time) can be represented as Eq. 2a.
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On many occasions, the estimated biological shift factor was normally
distributed (Tijskens et al. 2005, Hertog et al. 2004). Based on this assumption,
and on the appropriate model for the quality property under study, the distribu-
tion and the dynamics of the distribution of μa in time can be deduced (Hertog et
al. 2004, Schouten 2004). In this case, using the model in Eq. 2 this conversion
results in Eq. 3:
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Eq. 3
Where p is the density function of the distribution of μa, µ and σ are the mean
value and the standard deviation respectively for Δt in a normal distribution.
RESULTS AND DISCUSSION
The results of the non linear mixed effects regression analysis is briefly in-
dicated in Table 1 and Fig. 1. The explained parts are all very high: above 0.96
at 20ºC and around 0.85 at 10ºC. The rate constants (per temperature) are about
the same, irrespective of the size of the fruit. Also the standard deviations of the
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biological shift factor are the same, irrespective of size and temperature. The
only real difference is to be found in the mean values of the biological shift
factor Δt. Smaller fruit (B) are less ripe (lower value) then are the larger fruit
(A). In that sense it is correct what is normally assumed that smaller fruit are
less ripe than larger fruit, with a difference of about 1.5 day at 20ºC. As already
pointed out, the standard deviation of Δt is the same for both temperatures. That
is logical since all variation in ripeness and biological shift factor is built up
during the growth and ripening at the tree, at the conditions in the orchard. And
that is of course the same for both fruit sizes.
Table 1. Results of the non-linear mixed effects regression analysis based on Eq. 2 for
both temperatures and both sizes individual and combined
Temp 20 ºC 10 ºC
Size A B Both A B Both
km 0.213 0.236 0.226 0.148 0.123 0.134
Δt_mean (=µ) 3.191 1.491 2.272 3.275 2.970 3.186
Δt_stdev (=σ) 1.618 1.437 1.6250 1.357 1.644 1.664
µa,maxb 0.6 0.6 0.6 0.6 0.6 0.6
Nobs 150 150 300 180 180 360
Nfruit 30 30 60 30 30 60
R2adj 0.968 0.976 0.972 0.855 0.844 0.850
b Fixed
Fig. 1. Behaviour of µa as a function of time, expressed as biological time (t+ Δt) for
both temperatures (10 and 20ºC) and both sizes (A and B)
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To check the similarity in Δt distribution for both temperatures, the Δt val-
ues were expressed as difference to their respective mean:
meandif ttt Δ−Δ=Δ Eq. 4
In this way the differences in distribution for each time of storage, tem-
perature and size can be taken care of and the distributions “standardised”. The
distributions of Δtdif were checked on normality using the one-sample Kol-
mogorov-Smirnov test. All p values obtained were well above 0.88 indicating
normality. Moreover, the two distributions per temperature were found the same
in a two-sample-test with a p value of 0.93. This means that the two distribu-
tions expressed as standardised biological shift factor (Δtdif) can be treated as
equal. In Fig. 2 the distribution of all Δtdif values (both temperatures, both sizes)
are shown.
Fig. 2. Distribution of Δtdif. Bars= estimated, lines= theoretical.
The fact that the distributions of the standardised biological shift factor
(Δtdif) can be pooled for all times during storage, does mean that the biological
shift factor does only change in mean value (µ), not in the standard deviation
(σ). Ripening hence represents a moving of the distribution over time: for each
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day at a certain storage temperature, the mean value for Δt will change with the
value of km (at that temperature). The standard deviation remains however the
same.
On the measured property however, here the TRS absorption at 670 nm,
time will have a marked effect, as described by the derived density distribution
function (Eq. 3). In Fig. 3 the behaviour of µa (all sizes at 20ºC) is shown as
function of the storage time. Clearly can be seen that the mean value shift dur-
ing storage towards more ripe fruit (low µa values), while at the same time, the
distribution becomes more and more skew, pushing up against the physical limit
of zero absorption.
Fig. 3. Distribution in µa during storage (20ºC both sizes)
CONCLUSIONS
Ripening of fruit only affects the mean value of biological shift factors.
The variation present remains unchanged during postharvest storage. The same
conclusion can be drawn for different sizes of fruit: only the mean value is af-
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fected, not the variation. The effect on the property itself (here TRS absorption),
that is what we and consumer do observe is much more pronounced. The theo-
retically deduced distribution function does describe properly the changes in
observed variation as a consequence of storage and ripening.
Non linear mixed effect analysis of data on individual fruit is a very pow-
erful statistical technique to extract information on the variation and its dynam-
ics in batches of fruit. That again stresses the importance of developing sensi-
tive, reliable but above all non destructive measuring techniques, like TRS, for
optimising harvest date, chain management and product quality to consumers.
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